Objectives: Precocious puberty seems to be increasing but epidemiological data are scarce. Our objective was to improve the epidemiologic knowledge on this disease. We analyzed the national incidence and spatial trends of idiopathic central precocious puberty in France in 2011-2013 in a cross-sectional descriptive study. Design: We used an indicator based on treatment reimbursements recorded in the national insurance database, in girls under the age of nine years and in boys under the age of 10 years. We considered a time lag of up to one year from the onset of puberty to first drug delivery. We tested four different predictive spatial models at the département scale, selecting the model best fitting the data. We carried out semi-structured interviews with qualified hospital teams in five selected regions to investigate spatial differences in medical practices. Results: The national annual incidence was 2.68 (95% CI: 2.55, 2.81) per 10 000 girls under the age of 9 years and 0.24 (95% CI: 0.21, 0.27) per 10 000 boys under the age of 10 years. Incidence rates conformed to a purely spatial heterogeneity model in girls, consistent between age groups, with a large incidence range. A similar pattern was observed for boys, with peaks in the South West and Center East. Differences in medical practices may have slightly affected incidence locally, but could not entirely explain the marked geographic pattern.
Introduction
A secular trend toward a gradual advance in the timing of puberty has been reported (1) . This trend has been associated with the obesity epidemic (2) , and exposure to endocrine disrupting chemicals (EDCs) has also been identified as a possible causal factor (3) .
Santé publique France, the French national public health agency, carries out epidemiological monitoring (4) for nationwide health indicators selected on the basis of their proven or suspected links to EDC exposure, using existing databases. The aim is to analyze time and spatial trends and to compare the epidemiological results with causal hypotheses that have already been put forward or generate new ones in order to increase our understanding, thereby improving disease management and prevention.
Precocious puberty (PP) was selected as an outcome of interest for two key reasons. PP has been identified as a core reproductive outcome for monitoring, based on the weight of evidence of its possible causal link with EDC exposure (5) . This condition seems to be on the increase in France, as suggested by clinicians' observations, and as reported in other countries (6, 7) .
Very few epidemiological studies have been carried out on PP worldwide (7, 8, 9) . PP is defined in Europe (10) by the occurrence of pubertal development before the age of eight years in girls and nine years in boys and is much more frequent in girls than that in boys, with a femaleto-male sex ratio of 3 to 20 (6) . This disease is associated with shorter adult height and health risks in adult life, including reproductive cancers, cardiovascular diseases and psychological problems (11, 12) . Some genetic factors have been identified (10, 13) but environmental factors have also been implicated in its onset (14) . Central PP (CPP), which is treated specifically with gonadotrophinreleasing hormone (GnRH) agonists, accounts for four in five cases of PP and is much more frequently seen in girls than in boys (6) . This form results from premature activation of the hypothalamic-pituitary-gonadal axis (15) . It is mostly idiopathic central PP (ICPP), but may originate from identified central nervous system lesions. Peripheral PP results from gonad lesions and is more frequent in boys.
There may be a causal link between ICPP, the most frequent subtype in girls (16) and EDC exposure. A similar mechanism may underlie the secular decrease in age at menarche in girls (6) .
Our purpose was to improve the epidemiologic knowledge on this disease. We performed a descriptive study of the national incidence and spatial trends for ICPP in France, using an epidemiological indicator based on drug treatment data from the French National Health Insurance Information System (SNIIRAM).
Methods

Data source
All the data were obtained from SNIIRAM, which covers 98% of the French population (65.2 million inhabitants in 2012). This database comprehensively records all hospital stays, prescriptions, health care services and reimbursed drug treatments, with their dates, sociodemographic data (age, sex, etc.) and a very precise area of residence for the patient (zipcode). This database provides data for the current year and the three preceding years (17) .
We identified drugs on the basis of their Anatomical Therapeutic Classification codes. Medical information during hospitalization was encoded according to International Classification of Disease (ICD 10) codes. An anonymous and unique identification number for each patient linked all this information together. This number also made it possible to spot patients with several health care occurrences.
Access to the SNIIRAM databases was authorized by the Institute of Health Data (Institut des données de santé) and the French data protection agency (Commission nationale de l'informatique et des libertés).
Selection of ICPP incident cases
We selected all cases for which at least one reimbursement had been paid for GnRH agonists (see the list of products in Supplementary Table 1 , see section on Supplementary Data given at the end of this article) in mainland France, for girls under the age of nine years and for boys under the age of ten years, taking into account a time lag of up to one year, from clinical onset to the first drug delivery (18) . By linking reimbursement and hospital data, we excluded cases for which a cause of CPP had been identified (e.g. surgical intervention for brain tumors or other brain-related causes) and peripheral endocrine tumors (10), using ICD 10 codes associated with these conditions (list of codes in the data supplement). We also excluded cases treated with drugs used for peripheral causes of PP (e.g. congenital adrenal hyperplasia). Incident cases in a given year n were defined as patients for whom no reimbursement for GnRH agonist was recorded during the year n−1. Data were available for the years 2010-2013 and for the first six months of 2014. The study period was therefore 2011-2013 and the study design was cross-sectional.
Data analysis
We described the baseline characteristics of the study population by sex and age group. ICPP cases were counted by département (a French administrative district, equivalent to a county), for all ages and by age group [0] [1] [2] [3] [4] [5] [6] [7] , [7] [8] , [8] [9] for girls, and for all ages for boys. We analyzed the data and their spatial distribution, with four different predictive models: a simple average based on an assumption of homogeneity over the entire country, unstructured heterogeneity implying true differences in rates unrelated to neighborhood with the addition of an unstructured spatial random effect to account for independent region-specific noise, purely structured spatial heterogeneity implying that the rate observed in a given neighborhood is affected by the rates in the surrounding neighborhood, by adding an intrinsic autoregressive term, often referred to as the CAR or Besag model and, finally, a model combining the two previous spatial random effects, i.e. structured and unstructured, and their implications. Besag (19) has provided a full description of these models. The deviance information criterion (DIC) was used to select the model that best fitted the data. National incidence and incidence by département were predicted, with 95% credible intervals (95% CI), with the best model selected on the basis of the DIC, from French population census data from the National Institute of Statistics and Economic Studies.
The results obtained with the model were input into GIS ArcGIS, version 10.0 software (ESRI) to chart spatial variations in the incidence of ICPP. We generated a map for each sex and for each age group, based on a manual classification of values.
Semi-structured interviews with clinicians
We investigated potential spatial differences in medical practices by conducting two-hour semi-structured interviews with five leading regional hospital teams of pediatric endocrinologists from contrasted regions with regard to incidence rates in March 2016. These interviews were carried out with a standardized guide developed with the assistance of an anthropologist-sociologist. We investigated the differences in practices concerning patient recruitment, diagnosis and prescriptions for ICCP between these regions. We also collected data on the doctors' perceptions concerning the incidence of ICPP in their region and their comments about our results. Each interview was carried out with two to seven team members, including the head of the team in each case. The hospital teams interviewed were not known to each other, minimizing bias.
Results
Case descriptions
From 2011 to 2013, we identified 3519 girls and 352 boys with ICPP in mainland France (Table 1) , corresponding to about 1173 new cases per year in girls and 117 in boys. There was thus a female predominance (female-to-male ratio 10:1). The youngest age groups [0-8 years] in boys and [0-7 years] in girls (age at first date of delivery of GnRH agonist treatment) accounted for about 16% of all cases for each sex. The distribution of cases by age is presented, in years, in Fig. 1 , the number of cases increasing with age for both sexes. 
Annual fitted incidence rates for girls and boys, 2011-2013
The incidence rate was 2.68 per 10 000 girls under the age of nine years (95% CI: 2.55, 2.81). The incidence rate per 10 000 girls, and its 95% CI, increased with age: 0.62 (0.57, 0.69) for the [0-to 7]-yearold group, 9.56 (8.84, 10.26) for the [7- to 8]-year-old group and 11.7 (10.89, 12.57) for the [8-to 9]-year-old group.
The incidence rate was 0.24 (95% CI: 0.21, 0.27) per 10 000 boys under the age of 10 years. Due to the small number of cases, it was not possible to apply the model to different age groups.
Spatial distribution of ICPP incidence
For girls of all ages and by age group, and for boys of all ages, DIC identified the best model as purely spatial heterogeneity.
Fitted incidences by département, for girls of all ages, ranged from 0.96 to 12.39 per 10 000 girls ( Fig. 2A) . We observed excess incidences in the Southwest (MidiPyrénées) and Center East (Rhône-Alpes), with incidences 10.4-13 times higher than the lowest incidence recorded. A similar geographic pattern was obtained for boys (Fig. 2B) . Fitted incidences ranged from 0.117 to 1.72 per 10 000 boys. The highest incidences were 8.5-14.7 times higher than the lowest incidence.
Similar patterns were observed in various age groups of girls (Fig. 3) , and the incidence in Midi-Pyrénées was particularly high for the (8-to 9)-year-old group. The highest incidences were 3.5, 7.9 and 23 times higher than the lowest incidences in the [0-7], [7] [8] and [8] [9] years age groups respectively. Table 2 in the Supplementary data summarizes the information recorded during the semi-structured interviews with clinicians. Overall, clinicians used similar criteria for diagnosis and treatment, mostly in accordance with a consensus statement published in 2009 (20) . Nevertheless, we identified some noticeable processes. In one region with a high ICPP incidence, cases were referred to the tertiary care center through a network of trained general practitioners and pediatricians, a practice that is not developed throughout in the country. In another region with a high ICCP incidence, ICPP was diagnosed by determining LH in the first-voided urinary sample, a non-invasive method, rather than with the GnRH test generally used. In one region with a low incidence, clinicians relied heavily on surveillance, with consultations every three to six months to determine whether PP was progressive before proposing the GnRH test and, especially in girls over the age of seven years, treatment was limited to progressive ICPP.
Clinical practices
In all regions, clinicians agreed that ICCP with an onset of puberty before the age of seven years in girls and nine years in boys was systematically treated with GnRH agonists. Practices were thought to be essentially homogeneous within each region.
Discussion
We here provide the first estimate of ICPP incidence in mainland France in 2011-2013. ICPP incidence displayed purely spatial heterogeneity, with similar geographic patterns for girls and boys, suggesting similar risk factors for both sexes. The strengths of this study are the nationwide completeness of the data, with a populationbased and exhaustive database, the use of a specific indicator for CPP treatment, the link to hospital data to exclude known causes of CPP and spatial modeling at the départment scale.
National incidence
In girls, the estimated national incidence of ICPP in France is slightly higher than the rough estimate for female PP of 1/5000 to 1/10 000 girls obtained by the interpolation of US data. To our knowledge, only three epidemiological studies worldwide have actually estimated national incidences of PP. Our results are closest to the Danish findings based on national registries, with the same age criteria for inclusion (9) . Over the 1993-2001 study period, the annual incidence of PP in Denmark was between 1.5 and 2.9/10 000 in girls under the age of nine years, and close to 0.25/10 000 in boys under the age of 10 years. The female-to-male sex ratio was 15. Both these findings are consistent with the gradual decrease in male-to-female sex ratio for CPP observed since the 1990s, possibly due to an increase in the frequency of ICPP in girls (6) .
In Spain, an observational study including 34 pediatric endocrinology units estimated the annual incidence of CPP (for girls and boys considered together) at between 0.002 and 0.107/10 000 in 2008-2009 (8), a frequency of one-twentieth that is reported here. The age criteria were set one year below ours. As 49% of the female cases in our study belonged to the highest age group (Table 1) , this difference in inclusion criteria may account, at least in part, for the differences in results.
The third study, carried out in South Korea, also used drug reimbursement information from the national health insurance database (7) . The authors found a significant increase in the incidence of CPP from 2004 to 2010: from 0.33 to 5.04/10 000 in girls and from 0.03 to 0.12/10 000 in boys. The age criteria were more restrictive in the Korean study, but we excluded known causes of CPP, and these factors may partly account for the differences between the two studies. An increase in incidence with age was also observed in both sexes (Table 1) in the Korean and Danish studies.
Overall, few epidemiological data are currently available for this condition and the methods used in different studies are not entirely comparable. Our results, based on exhaustive nationwide data, are consistent with former rough estimates and are of a similar order of magnitude to the data reported for Denmark and South Korea.
Spatial trends
Several hypotheses other than differences in medical practices can be put forward to explain the marked spatial heterogeneity of ICPP incidence in France. The most heavily populated part of France, the Parisian Basin, which houses one-fifth of the French population and has a particularly high concentration of health care facilities and hospital teams of pediatric endocrinologists, had a low-to-average incidence of ICPP.
Genetic factors are involved in PP (12) and ethnicity may also have an effect. Age at menarche and onset of breast development has been reported to decrease along a north-to-south gradient (6) . There have been particularly high levels of immigration from Spain to the Midi-Pyrenees in recent decades (21) . Even if the incidence of CPP in Spain appears to be lower than that in France (8) , this aspect merits investigations in further studies. The Rhône-Alpes region also has a large population of immigrants of various origins, although the proportion of immigrants remains lower than that in the Parisian Basin (22) .
Nevertheless, our results may partly reflect the northsouth gradient in age at the onset of puberty, at the scale of France, and this pattern may also reflect the influence of environmental factors. One recent French cohort study investigated the effect of latitude and exposure to ultraviolet radiation on self-reported age at menarche and suggested that light exposure in childhood may influence sexual maturation in women (11) . To our knowledge, this factor has not been studied in boys. However, the north-south gradient is discordant for ICPP incidence in Southeast France, and this factor is unlikely to account for the large differences observed.
The known or suspected causal factors for ICPP are being overweight (1, 2, 23), being adopted (24, 25) and paternal absence (26, 27) . The areas with a high ICPP incidence did not have particularly high rates of overweight individuals (28) . Unfortunately, no geographic data were available for adoption.
The purely spatial heterogeneity observed suggests that the risk factors have a particular spatial distribution, potentially consistent with an environmental factor present over large areas. The role of environmental pesticide exposure should be considered, because such a role is consistent with the EDC hypothesis. Indeed, many pesticides behave as endocrine disruptors, and some are persistent in air, soil and water (29) . Our results are also consistent with extensive industrial exposure to chemicals acting as EDCs or with still unknown exposure to factors in the environment.
Pesticides are widely used in France, especially in vineyards and orchards (30) , and there is documented evidence of biological exposure of the general population to organochlorines, organophosphates and pyrethroids (31) . The Midi-Pyrenees region is densely populated and has the largest number of agricultural holdings, mostly small in size, with diverse activities (wine, fruits, vegetables and cereal) of any region in France; it also has the second largest area under agriculture of any region in France (32) . Interestingly, a marked trend toward decreasing sperm quality was recently observed in this area (33). The Rhône-Alpes region, also densely populated, is sometimes referred to as the 'orchard of France' as it has a larger area under fruit trees than any other region in France, mostly on small holdings (34). It also includes large industrialized areas near the Rhône, in the so-called chemical corridor.
Other regions are also highly agricultural, with a high proportion of vineyards and orchards (e.g. around Bordeaux, Montpellier and Nice); yet, they do not display high ICCP incidences. However, crop protection practices and chemical use differ between agricultural regions, depending on climate and the pests present (35).
Pesticides are already thought to favor the development of TDS reproductive health disorders in men, and ovarian digenesis syndrome in women mirrors TDS (14) . The most plausible causal relationship between EDC exposure and PP involves principally polybrominated biphenyls and cosmetics (5, 29) . Animal and human data, although suggestive, remain inconclusive for pesticides, although only a small number of pesticides have been studied and mixture effects may also add to the complexity of the situation (36).
Finally, these descriptive findings highlight the need for further studies to explore hypothetical causal relationships in depth. We now plan to develop nationwide geographic indicators of environmental exposure usable at a relevant scale for this purpose.
Limitations
We estimated ICCP incidence with an exhaustive indicator based on the first drug delivery of GnRH agonists. This indicator does not account for undiagnosed or untreated ICCP. Conversely, some of the children might not constitute real cases of ICCP, because some girls might be over the age of eight years and some boys might be over the age of nine years at the onset of pubertal development.
As we considered a time lag of up to one year, from clinical onset to the first drug delivery, some of the girls with a first drug delivery after the age of eight years may have a puberty onset after eight years and may be at an advanced stage of puberty. The same is true for boys over the age of nine years. However, this time lag also takes into account late diagnosis, which is especially frequent for boys.
Girls with an onset of puberty before the age of seven years may have their first drug delivery before seven or eight years of age. Thus, for girls having their first drug delivery at an age of more than eight years, and perhaps for some of the girls of seven to eight years, the unusual practices we identified in some regions might limit the robustness of our findings for spatial trends.
The hospital team recruiting patients through an upstream network explained that they decided to use this approach because it was the best way to deal with the many children sent to them from all over the region. It therefore remains unclear whether this process was a consequence or a cause of the higher incidence observed in the region. Trained practitioners might be able to improve PP detection. However, according to clinicians from other regions, mothers usually detect PP early in girls and consult a doctor directly, because the signs are obvious and information is widely available through the media. Conversely, late detection is usual in boys, with even trained doctors not systematically examining the testis.
The influence of the first-voided urinary LH determination method used for ICPP diagnosis in another region merits attention. One recent study suggested that the sensitivity of this method for detecting true CPP was higher than that of the GnRH test, at 83% vs 72% (37). The use of this test would therefore probably result in about 10% more treated cases in this region than elsewhere. This practice alone could not, therefore, account for all the excess ICPP cases. Close surveillance for the detection of progressive CPP might result in fewer treated cases in a region with low incidence, but, conversely, a true low incidence would make it possible to carry out more consultations per child.
Overall, according to clinicians, the spatial results for boys and girls under the age of seven years were especially robust. In girls above the age of seven or eight years, unusual practices might contribute to higher/lower local ICPP incidences. However, as the spatial pattern was mostly consistent within age groups in girls, and very similar in boys, with a wide range of incidence rates recorded, this potential contribution would probably be marginal in the strong geographic pattern observed.
Conclusion
We used an epidemiological indicator available nationwide to estimate the national incidence of ICPP in boys and girls in France in [2011] [2012] [2013] and to analyze spatial trends at the département scale. The French incidences of ICPP reported here are of a similar order of magnitude to those reported in the few comparable studies carried out in other countries. We found a marked pattern of purely spatial heterogeneity in ICPP incidence that was similar in boys and girls. Environmental causes are candidates to explain this pattern and should be investigated further.
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